A method of heat-assisted magnetic recording potentially suitable for probe-based storage systems is characterized. In this work, field-emission current from a scanning tunneling microscope tip is used as the heating source. Pulse voltages of 2-7 V were applied to a CoNi/ Pt multilayered film. During heating, various external magnetic fields were applied. Experimental results show that a positive magnetic field increases mark size while a negative field decreases mark size, compared to the case of writing without an external field in which an average mark size of 170 nm was achieved. In addition, a positive field reduces the threshold voltage of writing as well. A synthesized model is built to quantitatively simulate the experimental results. It includes the model of emission current, heat transfer, and dynamics of magnetic domains in the film. Simulation results show that the calculated mark size in various cases is consistent with experimental results. Based on this model, we will be able to figure out the proposals to achieve small marks for the goal of 1 Tbit/ in. 2 recording density.
I. INTRODUCTION
The superparamagnetic effect which induces the thermal relaxation of recorded information 1 is the fundamental obstacle to increasing magnetic recording density. To achieve thermal stability of recorded information, increases in the coercivity and anisotropy of the recording medium are needed. This makes traditional recording more difficult because conventional heads cannot generate sufficient field to switch the magnetization of the bits in thermally stable media. To overcome this obstacle, heat-assisted magnetic recording ͑HAMR͒ has been proposed. 2 HAMR draws on concepts from traditional magneto-optical ͑MO͒ recording for the writing process, but is not restricted to optical readback.
In addition to optical heating methods suggested by extensions of MO recording, another possible approach to HAMR is the use of field-emission current from a sharp metallic tip for heating. This has the possibility of very high spatial resolution as scanning tunneling microscopes ͑STMs͒, which have similar architectures, showing atomic resolution in surface observation. [3] [4] [5] Nakamura et al. 6 demonstrated this writing method with a STM several years ago, and saw a mark size that increased with increasing tip voltage. We have also demonstrated the process previously, 7 but saw very little dependence of mark size on tip voltage above a certain writing threshold. In our previous work, 8 we described the detailed results in writing without an external magnetic field. However, field addition is very important in HAMR approach because it reduces the heating of film and thus minimizes the damage of the recording medium. 2 In this work, we present work on writing with an external magnetic field. A synthesized model is also executed to quantitatively simulate the experimental results.
II. EXPERIMENTS
The recording medium in our work is a CoNi/ Pt multilayered film. 8 We measure its perpendicular anisotropy K u = 2.5ϫ 10 5 J/m 3 , saturation magnetization M S = 3.4 ϫ 10 5 A / m, coercivity, H C = 1.1ϫ 10 5 A/m ͑or 1.4 kOe͒, and nucleation field H n = 4.3ϫ 10 5 A / m at room temperature in a vibrating sample magnetometer ͑VSM͒. The M-H loop of this medium is shown in Fig. 1 . From the loop we find that the "appearing" nucleation field H n Ј is very close to the coercivity H C . Here H n Ј is defined as the critical field of magnetization switching shown in the M-H loop. However, the actual nucleation field should be the sum of H n Ј and the demagnetization field H D generated by the medium itself, which is equivalent to the saturation magnetization M S . The Curie temperature of the film is about 250°C. The temperature-dependent property of magnetic parameters ͑such as H C , M S , K u , and H n ͒ is also measured by VSM at elevated temperature. All of them show a linear dependency to the temperature from room to Curie point. A Digital Instruments Dimension 3000 scanning probe microscope ͑SPM͒ was used for writing and imaging. Atomic force microscopy ͑AFM͒ mode was applied to scan the topographic features of the film, and magnetic force microscopy ͑MFM͒ mode was used to image the magnetic domain structures. STM was used for thermal writing. In this work, the STM tip is made of Ir/ Pt alloys. The film is heated locally by applying pulses of 2-7 V in amplitude and 500 ns in duration, with a rise time of 100 ns to the sample. Some sample marks were shown in Fig. 2 . The mark size is determined as the full width half maximum ͑FWHM͒ of the MFM signal. Similar to our previous work, 7 the written marks are magnetic in nature and the writing is reversible.
Different from our previous approach, an external magnetic field is applied on the film during heating. The field is generated by an electromagnet and both the strength and direction are controlled by the electrical current. Before further discussion, let us define the direction of the magnetic field. Because the medium is for perpendicular recording, the external field must be perpendicular to the film so that it can affect the formation of marks. The direction of the positive field is the same as the magnetization of marks to be formed, or opposite to the original magnetization of the medium. The direction of the negative field is opposite to the magnetization of marks to be formed. To examine the effect of the field on mark size, we apply different fields on the writing of marks, with a fixed pulse voltage of 6 V. The magnitude of the field varies from −450 Oe ͑or −36 kA/ m͒ to +450 Oe ͑or +36 kA/ m͒. Based on our previous work where marks were written without external field 7, 8 and fields were added to the medium after the marks were formed, a field in the range above does not change the size of the mark. Only when the field is closer to the coercivity of the medium ͑1.4 kOe͒, it could change the mark size. Figure 3 shows the mark size as a function of external field. We see that a positive field increases mark size, and a negative field reduces mark size.
As we know, the addition of a positive field is more common than the addition of a negative field in most HAMR works. 2 We spend more effort in examining the effect of positive field. This time we vary the applied pulse voltage as well as the magnitude of the field. Positive fields with values of 200 Oe ͑or 16 kA/ m͒ and 400 Oe ͑or 32 kA/ m͒ were applied in writing, respectively. As a contrast, we displayed the result of the mark size as a function of pulse voltage with no external field in Fig. 4 . After that, results with field were displayed in Figs. 5 and 6, respectively. In this step, we also displayed the rate of successful writing as a function of bias voltage. The reason is that, for each voltage pulse, not all the applications of the pulse yield a written mark. From results, we observe that in addition to the effect of positive field that it increases mark size, larger field reduces the threshold of writing by 0.5 V as well.
III. MODELS AND DISCUSSION
In this section, a synthesized model is discussed in detail. It includes the model of emission current, model of heat transfer, and model of magnetic domain dynamics in the film. The purpose of the model of emission current is to figure out the emission current and its region. Based on the geometry of the STM tip from its SEM image 8 and the bias voltages applied between the tip and sample, an analytical extension of Fowler-Nordheim theory 9 in field emission was explored in a prolate-spheroidal coordinate system. 10,11 Both the emission radius and the emission current were calculated. 12 Data achieved from this model are sent to the model of heat transfer. Due to the structure of the medium and z-axial symmetry of the heating source, a model of twodimensional heat transfer with a transient heat source in a multilayered structure 13 is introduced. In our simulation, the multilayered film is simplified as a single uniform layer with a much reduced thermal conductivity.
14 In addition to the film layer, the Pt seed layer and the silicon substrate are considered as separate units in the simulation of the thermal profile. The source of the transient heat is from the emission current. The electrical power, which is equal to the product of the emission current and the bias voltage, is converted to the thermal power. Here we assume that most of the electrical power is absorbed by the metallic film because the current flows from the STM tip to the sample in a very short time. The emission radius gives out the size of heating spot on the top of film layer. Simulation was executed in FEMLAB, a software tool in MATLAB. 15 This way we obtained the thermal profile in the film right after the heating halts. Based on the measurement of the temperature-dependent properties of magnetic parameters of the film, we use a simplified model to describe this property. Figure 7 shows the linear dependence of all the magnetic parameters as a function of temperature. We incorporate the thermal profile in the film into the distribution of the magnetization as a function of temperature and position. Due to the z-axial symmetry of the recording bits, we only need to consider the radial-dependent magnetization distribution. We apply the basic Maxwell's equations to calculate the magnetic field generated by the medium itself with a nonuniform magnetization distribution. A numerical method is used in calculation because of the numerical simulation of the thermal profile. Thus, the total magnetic field is composed of the demagnetization field from the film and the addition of an external field. Before further discussion, let us look at a typical example, the simulation of evolution of thermal profile and magnetization in the case of writing by Ir/ Pt STM tip and 5 V. Figure 8 shows the plots of the temperature profile and the magnetic field as a function of radial position, with a heating center at the origin. With heating, the temperature of the medium at the center of the heating spot increases; its magnetization and nucleation field decrease accordingly ͑the nucleation field is the actual nucleation field of the medium, defined in Part II͒; at the same time, the temperature of surrounding location does not change distinctly. Therefore, the demagnetization field from the medium at the center of the heating spot can exceed the nucleation field. According to the M-H loop of the medium ͑Fig. 1͒, its magnetization begins to switch when the field reaches a nucleation field H n . Therefore, the total field will be sufficient to switch the magnetization of the center upon certain high temperature. Once this event has been identified in the simulation, a reversed domain in the center is formed and thus a mark is written. The domain wall bounding the mark is allowed to grow under the influence of the total local field ͑applied plus demagnetizing͒ until it reaches a stable point. When a reversed domain in the heating center forms after the film cools down to room temperature, mark size can be extrapolated by the range of this reversed domain. Now let us display the results of the calculated mark size by applying different voltages and external fields in simulation. Figure 9 compares the simulation result of the mark size versus external field to experiment under the condition of fixed pulse amplitude of 6 V, which agree reasonably well. Figure 10 shows the simulation result of the mark size versus pulse voltage in positive fields, which also agrees reasonably well with experiments in Figs. 4-6. Simulation predicts a threshold voltage about 0.5 V higher than is observed, likely due to the fact that the model does not capture subtle effects in the shape of the thermal profile or the exact dependence of the magnetic parameters on temperature.
In summary, this model displays a complete picture of the formation of a magnetic mark in a perpendicular medium by HAMR. The heating mechanism can be radiation, laserbased, as well as STM-based current heating. The model also specifies the magnetic properties of the recording medium such as coercivity, magnetization, and nucleation field. In the future, we plan to work on different media to find out the best candidate for ultrahigh-density recording.
IV. CONCLUSION
We have demonstrated a thermomagnetic writing process using a STM on perpendicular CoNi/ Pt multilayered medium with the addition of an external magnetic field. Results show that a positive field increases mark size and a negative field decreases mark size. In addition, increasing positive field lowers the threshold voltage of write as well. A synthesized model was executed quantitatively to examine our data. Simulation results show that it is consistent with experiments.
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